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© A sensing system (10) detects elastic waves 
propagated along a sensing path in a sheet to detect 
a characteristic of material contacting the other side 
of the sheet. An acoustic load applied between tran- 
sducers (12,14) discriminates characteristics in di- 
verse environments. Different systems detect den- 
sity, stiffness, presence, degree of coupling, thick- 
ness, or fill height of the material, with applications 
to areas as diverse as aircraft wing ice measure- 
ment, storage tank (2) fill height detection, and mass 
flow detection. In one preferred embodiment a pro- 
tective housing (16) covers and protects the first 
side of the sheet over a region of the sheet encom- 
passing the sensing path, and may secure trans- 
ducers (12,14) in defined positions. The housing (16) 
preferably defines a closed reservoir (R) that is tem- 
porarily filled to determine a normative measurement 
such as transit time or change in phase velocity. The 
normative measurement provides an empirical cali- 
bration that, in turn, allows a final parameter or a 
detection threshold to be precisely determined. 




FIG. 1 
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The present invention relates to acoustic sens- 
ing and measurement systems, and particularly to 
systems which detect the presence or a specific 
property of material bounded by a wall. Examples 
include systems for sensing liquid level and inter- 
faces in a tank, fluid flow in a conduit, or the 
presence or thickness of ice built up on a hull, wing 
or fuselage. 

Extensive technologies have been developed 
to measure flow rate, mass flow rate, or related 
parameters such as density or temperature, for 
fluids contained within conduits, by propagating 
ultrasonic waves along a path through the fluid, and 
measuring transit time, Doppler shift or other char- 
acteristic of the interaction of the signal with the 
fluid. 

In many of these applications, while certain 
corrections must be made in the initial set up or 
subsequent signal processing to account for the 
effects of transducer mounting and housing geom- 
etry, the basic processing involves the measure- 
ment and comparison of ultrasonic signals propa- 
gating through a fluid. See, for example, U.S. pat- 
ent 4, 787.252 of Saul A. Jacobson et al. In other 
systems, wave energy may be propagated through 
a specially shaped wave guide, and the properties 
of the interrogating wave are affected by an inter- 
action of the wave guide with a fluid that fills or 
surrounds the wave guide. U. S. patent 4, 893,496 
of Haim H. Bau et al. shows a system of this latter 
type, in which a polygonal or other specially 
shaped rod or cylinder is excited by a torsional 
wave, and coupling of energy from the rod or 
cylinder into an adjacent fluid provides a direct 
indication of the magnitude of the fluid's density or 
viscosity. In systems of this type, the wave is 
guided by the solid body, and its propagation is 
affected by energy coupling with the adjacent fluid. 

It has also been suggested to use specialized 
systems of various kinds with flexural wave excita- 
tion to measure a static condition such as fluid 
height or ice covering. 

In particular, work has been done in France by 
Dieulesaint on a fluid sensor in which a tube ex- 
tends down into the fluid and is excited at one end 
with a flexural wave that is reflected at the air/fluid 
interface and then detected. The relatively slow 
propagation speed of a flexural wave in a long tube 
(or thin strip according to a method reported by 
Ageeva in 1960) allows resolution of the fluid level 
height. 

U.S. patent 4, 461,178 of Jacques Chamuel 
shows a method of detecting ice accumulations 
and the degree of attachment of ice formed on an 
aircraft wing. That system uses acoustic signals 
that propagate in both compressional and flexural 
modes through a sheet forming a surface of the 
wing. The patent reports that amplitude of the 
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flexural wave varies with surface deposits, while the 
compressional mode propagates through the sheet 
unattenuated, and can therefore be used to normal- 
ize the amplitude of the received flexural wave 
5 signal. 

In general it may be said that the systems of 
this latter type, involving the interaction of a flexed 
body with a surrounding material, appear to be 
rather specialized, and while distinct qualitative ef- 

io fects have been observed on the guided flexural 
wave signal, such systems do not have the well- 
developed theoretical models enjoyed by more 
conventional systems that employ unguided waves 
propagated through the fluid itself. Their teachings 

75 accordingly are limited to rather specific construc- 
tions. 

It is therefore desirable to develop a more 
general wave detection or measurement system for 
elastic waves in sheet structures such as conduit, 
20 tank or vessel walls. 

It is also desirable to develop an elastic wave 
system that is not restricted to use with customized 
or particular sensors, conduits or containment ves- 
sels. 

25 The present invention is as claimed in the 

claims. 

These and other desirable features are 
achieved in accordance with the present invention 
by providing one or more transducers for generat- 

30 ing and detecting elastic waves in a sheet or wall 
bounding a body of material which is to be de- 
tected, processing the detected signals to make a 
determination, and optionally selectively applying 
an acoustic load to the wall for generating a refer- 

35 ence determination. The wall may be the wall of a 
pipe or conduit, a surface of an airfoil, hull or 
fuselage, or the wall of a container such as a 
storage tank. 

In a preferred construction, a housing mounts 

40 on the wall and holds at least one transducer in 
acoustic contact to the wall such that actuation of 
the transducer delivers a compressional wave im- 
pulse normal to the wall and initiates propagation of 
a flexural wave therein. The housing protects the 

45 wall from adventitious environmental loading, and 
together with the wall forms a closed cell. Means 
are provided to fill the cell with liquid at selected 
times, thereby placing an acoustic load on the 
outside of the wall. A reference determination of 

so the flexural wave propagation characteristics is 
made with the outside of the wall in contact with 
this liquid. The liquid is then drained and the un- 
perturbed propagation characteristic determined. A 
comparison of flexural wave propagation with and 

55 without the acoustic load normalizes the detected 
phase velocity over a wide operating range, and 
allows use of the system in sensing environments 
for which complete modeling or sensing of addi- 
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tional parameters to determine expected signal 
propagation characteristics, would be impractical. 

In specific embodiments of the invention, the 
system may be used to detect ice buildup on a 
vessel skin, may be configured to measure height 
or actuate an overflow alarm in a storage tank, a 
high pressure, alarm or overflow alarm in a pressure 
vessel, or to measure characteristics such as fluid 
pressure in a standpipe. Clamp-on embodiments 
are adapted to directly measure fluid density, flow 
rate or both in conduits. 

These and other features of the invention will 
be understood from the following description, taken 
together with drawings of illustrative embodiments 
and principles of operation, wherein: 

FIGURE 1 shows one embodiment of an acous- 
tic sensing system in accordance with the 
present invention; 

FIGURES 2 and 3 illustrate details of the system 
of FIGURE 1 ; 

FIGURE 3A is a graph of propagation time for a 

system as shown in FIGURES 1-3; 

FIGURES 3B and 3C show another embodiment 

similar to that of FIGURE 1; 

FIGURES 4A-4D illustrate another tank sensing 

embodiment; 

FIGURE 4 illustrates another embodiment for 
sensing through a sheet; 

FIGURES 5, 5A and 5B illustrate another em- 
bodiment and its use for sensing in pipes or 
conduits; 

FIGURE 6, 6A, 6B and 6C illustrate flow sensing 
with flexural waves in accordance with the 
present invention: 

FIGURE 7 illustrates an application of the em- 
bodiment of FIGURE 5 to pressure sensing; and 
Figures 8 and 8A illustrate another embodiment 
for detection of surface ice accumulations. 
FIGURE 1 illustrates a flexural wave sensing 
system 10 in accordance with the present inven- 
tion, illustratively installed on a liquid storage tank 2 
such as a fuel oil storage tank. By way of example, 
such tanks may be formed of steel plate approxi- 
mately one centimeter thick, which is riveted or 
welded into a cylindrical structure three to fifty 
meters in diameter and ten to fifteen meters tall. 
The plates may be eight feet tall and are succes- 
sively (stepwise) thinner towards the top of the 
tank, diminishing to approximately 5 mm thickness 
for the uppermost plates. Such tanks are filled via a 
fixed conduit 4, to a maximum fill height S, a short 
distance below the top of the tank. Various forms of 
floating covers or seal structures are employed on 
these tanks, rather than a closed roof, so as to 
avoid having a fume-filled dead space above the 
liquid, which could lead to explosion. These cover 
assemblies may involve seals, bumpers or scrap- 
ers for contacting or sealing against the inner wall 



of the tank. As discussed further below, these 
elements can be remotely detected by sensing 
systems of the present invention. However, in one 
aspect of this embodiment of the invention a sen- 

5 sor system 10 detects the presence of fluid in the 
tank at the fill level S, and thus acts as an overflow 
warning system. 

Sensor system 10 comprises a pair of trans- 
ducers 12, 14 on opposite edges of an enclosed 

ro surface region R that defines a signal propagation 
path at the specific fill height S at which it is 
desired to detect liquid in the tank. The region R is 
enclosed with a bounding frame or housing de- 
noted generally by 16, which is formed of a thin 

75 steel hoop of L-shaped cross section, the L profile 
providing a first face for fastening flat against the 
tank wall, and a second face perpendicular thereto 
extending outwardly from the wall. Transducers 12, 
14 are each mounted on the first face and are 

20 acoustically coupled to the tank wall, while the 
frame forming the thin steel hoop defines a fixed 
spacing between the two transducers. 

According to a principal aspect of. the inven- 
tion, frame 16 has a cover so that it also defines an 

25 enclosed volume over the region R, best seen in 
FIGURES 2 and 3. The volume is bounded by 
frame 16 and the cover member 18, thus forming a 
fluid reservoir over the surface region R. The frame 
16 is hermetically attached to the tank wall, by 

30 solder, epoxy, adhesive or the like, so that the tank 
wall forms another bounding surface closing the 
reservoir thus constituted. 

As seen in FIGURES 2 and 3, frame 16 is 
formed of a relatively thin material, for example, an 

35 eighteen to twenty-two gauge sheet steel, that al- 
lows it to conform accurately to the walls of the 
tank without being so thick that it affects the overall 
mass or stiffness of the tank wall in the vicinity of 
the interrogation region, and to avoid the introduc- 

40 tion of an interfering acoustic path between trans- 
ducers. A threaded contact assembly 22 machined 
from bar stock is welded to the frame 16 at two 
diametrically opposed positions, and includes a 
machined stainless steel button 22a that protrudes 

45 a few thousandths of an inch toward the plane of 
the wall and defines a contact acoustic coupling at 
normal incidence for coupling acoustic signals into 
the wall. Various additional spacers, packing and 
grounding or shielding elements, not specifically 

50 numbered, are shown to illustrate an explosion- 
proof transducer which is suited for fuel tanks. All 
tolerances are kept small to reduce any flame 
paths from or through crucial elements. 

In the illustrated embodiment, a magnetostric- 

55 tive rod 24 of nickel or Remendur material screws 
into the contact button 22a, and is surrounded by a 
solenoid coil 26 which is actuated by an electric 
current signal burst through electrical conduit 25 to 
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generate compressional waves in the rod. These 
waves travel along the rod into the contact button, 
and produce a momentary motion of the tank wall 
normal to the surface. After traveling to the other 
side of region R the flexural wave is reconverted to 5 
a compressional wave in a second rod 24a, and 
picked up by a pickup coil 26a. Preferably, the 
transmitting coil 26 has a low number of turns of 
low gauge wire, to accommodate a high current 
drive signal, for example a 0.3 ampere signal burst io 
at a level often volts. The pickup coil 26a, on the 
other hand, has many turns of high gauge wire to 
constitute a sensitive receiver with a high voltage 
output for detecting attenuated waves. By using a 
straight rod with one end free as a X/4 resonator, 75 
the projection of the rod perpendicular to the tank 
surface is minimized. 

The frequency of the compressional wave is 
selected to efficiently convert to a flexural wave 
that is propagated efficiently along the steel plate 20 
wall. Typically, a frequency of about five to twenty- 
five kHz is appropriate for a thick steel plate wall. 
(A frequency of 1 2.5 kHz is preferred for steel plate 
about 5 mm to 6 mm thickens, which is the thick- 
ness often encountered near the top of storage 25 
tanks, at the "high" or "high-high" fill levels S. The 
"high-high" alarm level, indicated schematically in 
FIGURE 1, is generally set in relation to pump 
capacity, at approximately live minutes before 
overflow, typically at a height corresponding to 30 
95% full. 

According to a principal feature of this aspect 
of the invention, the phase velocity of the flexural 
wave travelling in the wall is measured to detect 
the presence of material, e.g., fuel oil, against the 35 
surface of the wall opposite to the surface con- 
tacted by the transducers 12, 14. Specifically, the 
transit time between launching of a compressional 
wave from rod 24 into the wall, and the reception of 
a delayed replica in rod 24a increases when the 40 
fluid in the tank 2 reaches the height of region R, 
and this delay from a nominal transit time is de- 
tected to provide an indication of fluid height. In 
preliminary measurements on test systems, a tran- 
sit time increase of over ten microseconds was 45 
observed with a transducer separation of about 
twenty centimeters on a steel tank of between one- 
half and one centimeter thickness. These transit 
time increases are not dependent on the quality of 
coupling or bonding of the transducers to the tank, 50 
and thus provide an advantage as a transit-time- 
based system, over amplitude-based determina- 
tions of liquid level as previously applied, for exam- 
ple to tanks in the method of Lynnworth, Seger and 
Bradshaw, U.S. Patent 4,320,659 (1982). 55 

A brief theoretical discussion of the properties 
of structural elastic waves —primarily Lamb waves 
in this context - will aid in understanding further 



aspects and preferred embodiments of this inven- 
tion. 

In general the sound speed of an elastic or 
acoustic wave propagating in a solid sheet will be 
proportional to the square root of the ratio of stiff- 
ness to density: 




density 



Applicant has found that for a tank filled with a 
liquid, the presence of liquid against the tank wall, 
at least at low heads, operates analogously to 
increasing the density, thus decreasing the flexural 
wave propagation speed. In the case of ice built up 
on the exterior of a sheet structure, such as a wing 
or hull, that is formed of a metal denser than the 
ice, the primary effect is to increase the stiffness, 
increasing the propagation speed. In the case of 
granular or unconsolidated solid material bearing 
against the wall, such as occurs for example in a 
hopper or silo, there is no cohesive coupling be- 
tween the wall and the material, and the principal 
effect on wave propagation is one of amplitude 
damping. 

Beyond these observations further factors enter 
into the consideration of a measurement system 
according to different aspects of this invention. 

It is preferable that the transducers be actuated 
at a frequency that corresponds to a lower order 
flexural elastic wave of the wall or sheet structure, 
more preferably to ao, or to a frequency that is less 
than the cutoff frequency of a second or higher 
order mode. By avoiding higher frequencies in the 
range of these higher modes, complications from 
surface leakage, reflection and multimode propaga- 
tion at several different phase velocities do not 
appear in the received signal. For a tank formed of 
thick steel plate, frequencies in the range of five to 
twenty-five kHz are suitable, whereas for detecting 
ice on a thin stiff aluminum or alloy aircraft skin, 
frequencies of about one hundred kHz are consid- 
ered appropriate. 

To elaborate on the surface leakage consider- 
ation, applicable when using a plate wave to sense 
liquid in a tank or container, is that coupling of the 
flexural wave energy into the fluid will attenuate the 
amplitude of the flexural wave, and complicate or 
even defeat measurement To reduce this problem, 
the transducer or impulse initiator is driven at a 
frequency for which the flexural wave phase ve- 
locity in the sheet structure is less than the propa- 
gation speed of the compressional wave in the 
material bounding or contacting the sheet, which is 
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to be measured. An interesting aspect of the inven- 
tion described below is a flexural wave sensing 
system that detects fluid flow through PVC pipe of 
low stiffness and low density (approximately equal 
to 1 g/cm 3 ) using an excitation of 12.5 kHz. As in 
the other embodiments of this invention, the flex- 
ural wave is propagated in the wall itself rather than 
through the fluid within the conduit, so that trans- 
ducer setup is simply a matter of spacing along the 
conduit, and requires no computation of liquid or 
wall refraction angles to make meaningful measure- 
ments. In this case, the 12.5 kHz frequency is 
selected to minimize radiation of energy from the 
light weight plastic wall into the fluid. 

Another consideration occurs when "high" and 
"high-high" levels Si and S 2 are to be monitored, 
where WS = S2-S1 is less than a foot or so. In this 
case a preferred sensor assembly spans both 
heights with several transducers arranged to inter- 
rogate along two paths, one at height Si , the other 
at S2. 

Returning now to FIGURES 1 to 3, applicant 
has found that for the transducer arrangement 
shown therein mounted on a large fluid tank with 
thick steel plate walls, the signal transit time be- 
tween transducers 12, 14 remains essentially con- 
stant until the fluid level rises within a few inches of 
the horizontal centerline of the frame assembly. 
Thereafter, the transit time starts to increase as the 
tank is further filled, with the increment Wt increas- 
ing to a maximum value of about sixteen to twenty 
microseconds once the top of the frame is 
reached. The increase is linear in the immediate 
vicinity of the horizontal centerline between the 
transducers, i.e., within an inch or two above and 
below the centerline. This transit time increment 
depends on and is approximately proportional to 
the fluid density, the sixteen microsecond figure 
being obtained with fuel oil having a density of 
about 0.8 g/cm 3 , while a larger figure corresponds 
to a fluid such as water of greater density. By filling 
the reservoir in frame 16 so that the transducer 
side of the wall is also in contact with fluid, the 
increment Wt is approximately doubled, depending 
in part on the density of the "calibrating" liquid 
compared to the liquid inside the tank. One can 
select a calibrating liquid that yields the same Wt 
as produced by the actual liquid when both are at 
the level S. 

According to a principal aspect of a method 
according to the present invention, the symmetry, 
or additivity, of Wt with respect to fluid loading on 
the inside or the outside of the wall, is used to 
determine a normative transit time measurement 
that enables precise measurement of fill height. 
This is achieved as follows. 

Mounted on the reservoir 16 is a fill valve 
assembly having a pair of electrically actuated 
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valves connected to fluid fill and vent lines, 18a, 
18b through which the reservoir may be filled, bled 
and drained. As noted, plate waves propagate in 
the wall with a speed dependent on the stiffness 

5 and density of the wall. However, variations in the 
transit time may be expected due to temperature 
changes, or due to scale, paint or other accretions 
on the tank wall, structural stresses and other ex- 
trinsic factors or events. Thus to reliably detect At, 

10 which is no more than a few percent of the nominal 
transit time, some normalizing measurement is de- 
sirable. Such a measurement is obtained in accor- 
dance with this aspect of the invention by filling the 
reservoir with a reference liquid (e.g., fuel oil, al- 

15 cohol or water), measuring the transit time, draining 
the reservoir, then repeating the transit time mea- 
surement. The reference liquid preferably is non- 
toxic, non-residue-bearing and non-inflammable, 
and may have rheological properties like those of 

20 the actual liquid. Furthermore the reservoir prefer- 
ably extends more than about an inch out from the 
wall. Under these conditions, contact with fluid on 
the outside of the wall may be expected to cause 
the same amount of delay as rising fluid on the 

25 inside of the wall, so the difference between two 
consecutive measurements, made with the reser- 
voir full and empty, of flexural wave transit time, 
AUf, provides a threshold time change which may 
be used to trigger an alarm as the tank level rises 

30 past the sensor assembly. When the reference fluid 
is the same as the material in the tank, applicant 
has found that the At ref closely provides the time 
threshold indicative of the tank reaching its fill 
height S. When the reference fluid is different (e.g., 

35 water instead of fuel oil) it provides a A_t ref which, 
scaled by an empirically determined proportionality 
factor k ref provides a full scale threshold value for 

Atf| u j d . 

This verification procedure can also be con- 
40 ducted manually, by providing a small (e.g. one 
liter) container of calibrating liquid such as alcohol 
either temporarily or permanently connected to the 
reservoir by a flexible tube or a pipe, and manually 
elevating the container until the level inside the 
45 reservoir reaches S. The reservoir in this case 
preferably has a vent. During the intervals between 
verification, the fill and vent ports are covered with 
caps or screens if the calibrating fluid container is 
removed. 

50 Figure 3A illustrates the change At in transit 

time as a fuel oil tank was filled up to and slightly 
above the flexural wave sensor cell of FIGURES 1- 
3 mounted at the fill height of thirty-five feet on the 
tank. The tank had a smooth shoe seal, a construc- 

55 tion wherein a sheet steel sealing ring or band 
several feet tall is mounted on a floating lid and 
urged outwardly against the inside of the tank wall 
by weighted pantograph hangars. As shown in Fig- 

5 
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ure 3A, initially the flexural wave transit time de- 
creased by several microseconds as this metal 
band passed the sensing unit 16. Thereafter, as the 
fuel oil rose above the level of the sensors against 
the inside wall, transit time progressively increased, 
linearly with height up to a maximum delay of 
seventeen microseconds over the twenty centi- 
meter path 1a, which was reached when the level 
of adjoining fluid had risen to fully cover the sensor 
and reservoir frame. 

Other forms of the tank roof which may be 
encountered in the field, for example ones using 
resilient foam sealing blocks, may be expected to 
show different At anomalies, such as increased 
attenuation, as the seal portion rises adjacent to the 
flexura! wave sensing cell In each case, however, 
once the fluid level contacts the side of the wall 
opposed to the transducers, the characteristic in- 
crease in transit time is readily detected. 

It will be appreciated that large, above-ground 
fuel tanks as described are in general filled through 
fixed pipes at a pumping rate of several hundred to 
several thousand gallons per minute, and that it is 
desirable to fill each tank as full as possible, with- 
out risking overflow. If the fill sensor should fail, the 
risk of overflow is great. Accordingly it would be 
highly advantageous if the flexure wave sensing 
assembly were able to not only discern when the 
fluid has reached a height S (as evidenced, for 
example by a transit time increase of over ten 
microseconds), but also to indicate the exact height 
to an accuracy of about one inch, an increment that 
corresponds to a volume of about one thousand 
gallons of fuel for a sixty-foot diameter tank. 

The foregoing description has special refer- 
ence to a discrete fill height level detector on 
massive outdoor storage tanks, an application in 
which it is feasible to perform a At measurement, 
between transit time with the tank not entirely full 
and, a few minutes later, full. 

However, as indicated in FIGURE 3A, the 
phase delay is a highly linear function of fluid 
height in the neighborhood of a horizontal inter- 
rogation path between two transducers. Thus the 
basic flexural wave interrogation cell of FIGURE 2 
may be modified to provide not just a discrete 
sensor at one height, but a unit that detects the 
fluid at both the high level S^ and the high-high 
level S2, as well as continuously in between. 

FIGURES 3B and 3C are schematic illustra- 
tions of such sensor assemblies. FIGURE 3B 
shows four transducers A, B, C, D of either trans- 
mitting type (T) or receiving type (R). Each pair AB 
or CD belongs to a single assembly of the type 
shown in FIGURE 2, which is placed at height Si 
or S2. However, the electrical lines and actuating 
sequence are controlled to provide one or more 
vertical paths between transducers of two different 



assemblies. The signal along these paths varies 
continuously with fill level over a range of a foot or 
more. FIGURE 3C shows a related arrangement, 
wherein four transducers are mounted in a single 
5 reservoir/housing that spans the full distance from 
Si to S 2 . This FIGURE also illustrates diagonal 
propagation paths, rather than vertical ones. 

Applicant has further found that flexural wave 
propagation in large storage tanks yields well-de- 

10 fined signals over path lengths often meters or 
more, so the same equipment may be used to 
detect, not just the local crossing of an overflow 
threshold, but the fill level at arbitrary heights within 
the tank. In this case, At is preferably determined 

75 by measuring the actual transit time over the fill 
height path, and comparing it to a pre-compiled 
table of propagation times in an empty tank. In this 
case, the greater the portion of the tank that is 
filled with fluid, the longer the increment At will be. 

20 FIGURE 4A illustrates a tank 100 with several 

different possible transducer placements for a con- 
tinuous level sensing system according to this as- 
pect of the invention. Sending transducer A and 
receiving transducer B may be located near the 

25 bottom and top of the tank, or vice versa, to pro- 
vide a single long sensing path. Alternately, a pair 
of transducers Ao, B Q may be placed in helically 
offset positions paralleling the tank's spiral stair- 
case 105 to span the tank height without loss of 

30 generality. Placement above or below the staircase 
depends on access and code requirements so that 
safe use of the staircase is not compromised. An- 
other implementation is to place two transducers 
A1 , B1 at the same level; in this case a pitch/catch 

35 signal path is used, with a flexural wave traveling 
up to the top of the tank and returning down to the 
receiving transducer. An external cover/reservoir 
may extend over the entire path. With a transducer 
of suitable transmit/receive characteristics, a sys- 

40 tern may also employ a single transducer posi- 
tioned at the bottom (or top) of the tank which 
launches a signal and receives its reflection. 

FIGURE 4B illustrates a vertical section taken 
through a typical storage tank wall. As shown, the 

45 wall is formed of steel plates Pi, P2 ... P n . each 
successive one thinner than the next lower one, the 
plates being butt welded to each other to form a 
stepwise tapering stack with the outside wall for- 
ming a straight smooth vertical surface. Each butt 

50 weld W introduces a small reflection of the flexural 
wave, which may be processed to provide distance 
or speed calibration, since the distance between 
welds is known with great accuracy. 

FIGURE 4C shows the long path transit time of 

55 a flexural wave transmitted in the tank wall when 
the tank is empty (left curve) or full (right curve). 
The speed is constant in each plate, forming a 
piecewise linear function due to the stepped thick- 
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ness of the plates. FIGURE 4D illustrates the dif- 
ference function At between full and empty transit 
times. As shown, the difference effect becomes 
more pronounced as the plates get thinner near the 
top of the tank. 

The signal burst used to make transit time 
measurements in steel storage tanks in the manner 
described above may be repeated five or ten times 
per second, to make a number of measurements 
that are averaged or otherwise processed to deter- 
mine a statistically reliable measurement result. 
Applicant has found that each short burst is audible 
at a distance, and is a quite distinctive tapping like 
the chirp of a cricket. In one preferred tank mea- 
surement system according to the present inven- 
tion, this distinctive sound is used as a coded 
condition alarm so that a person walking near the 
tank (or, more usually, group of storage tanks, 
referred to as a tank farm) can "hear" the exis- 
tence of an alarm condition in a particular tank by 
the fact that its measurement transducer is operat- 
ing at an abnormal pulse repetition rate. 

This is accomplished by providing a transducer 
actuator circuit that drives the transmitter at any of 
a number of different pulse rates, e.g., 2, 5, 10, 15, 
or 20 bursts per second or other time interval. The 
processor output, in turn may distinguish the re- 
ceived signals as indicating one of several discrete 
conditions such as near empty, part full, high, or 
high-high. The condition code is applied to the 
pulse rate selector to jump the pulse rate to a 
higher rate when the fill level reaches a higher 
condition. With this arrangement, a person at the 
fill pipe gate valve can hear the chirps shift, e.g., 
from five, then ten, then fifteen chirps per second 
as the fill level rises from partial to high, to high- 
high. Furthermore, a high chirp rate at one tank is 
readily heard even when surrounded by a large 
number of tanks that are polling at lesser rates. 
Thus, the sensing system, when energized on one 
or more tanks, serves as a quick, non-invasive and 
easily monitored alarm system. Also, the highly 
directional nature of the transducer chirps further 
allows a guard or inspector to simply hear which 
tank is emitting the abnormal condition sound. 
Thus, it provides a redundant check for the usual 
hard-wired connections to a central alarm display 
board. 

Among the practical considerations in an exter- 
nal sensor arrangement of this sort is that of sensor 
integrity. Applicant has found that plate waves may 
be dependably launched by providing a guided 
compressional wave in a solenoid-driven rod. By 
using a curved guide rod, that has a solenoid or 
other actuation portion parallel to the plate, and 
curves at one end to contact the plate, the trans- 
ducer structure may be fitted within a shallow 
housing or protected from stray impacts. FIGURE 4 



shows such an arrangement 50, with rod 52 en- 
ergized by coil 54 and curving in a smooth L-shape 
to contact the conduit or vessel wall 120 at normal 
incidence at its tip 55. This configuration does not 
5 protrude far from the wall, and is less prone to 
damage. Further, as will be discussed below in 
relation to sensing of ice on external surfaces, this 
transducer construction may fit in small spaces, 
such as inside a wing or airfoil. By way of scale, 

10 the sheet contacting end may curve with a radius 
of curvature under an inch, with the main rod body 
extending only that far out from the surface. 

Two sets of signal transducers are shown in 
the FIGURE, labeled sets A and B. Set A is a pair 

75 of straight Remendur rods, one-sixteenth of an inch 
in diameter, attached perpendicular to the sheet 
surface approximately .175 inches apart. Set B are 
identically spaced rods which extend parallel to the 
sheet and curve on a one-half inch radius at their 

20 very ends to brazed points of contact at normal 
incidence. Using this arrangement to induce flex- 
ural waves in a thin stainless steel strip approxi- 
mately 25 mm wide by .3 mm thick and 30 cm 
long, applicant found that well defined signals were 

25 obtained with the curved lead-in rods. Excitation 
was performed with 5-cycle tone bursts of a 100 
kHz signal, ten times per second, and well defined 
signals were detected with a three hundred micro- 
second transit time. Signal definition was better 

30 when both transmitting rods of a pair were actuated 
both with the straight, and with the low^profile (B) 
pair having curved lead-in ends. 

FIGURE 5 shows a related embodiment 60 of 
the invention adapted for sensing fluid on the in- 

35 side of a cylindrical or tubular pipe or conduit 80. 
Embodiment 60 includes two half-housings 64a, 
64b that fasten together to form a closed sleeve 
about the conduit. Each end of each half has a 
solid semi-collar or clamp ring 65a, 65b and one of 

40 the halves of the housing 64b has a transducer 
mount 61a, 61b in each end. As with the storage 
tank embodiment of FIGURES 1-3, fill and drain 
ports and valving may also be included in the 
middle, or reservoir portion of the sleeve. 

45 FIGURE 5A illustrates a detail of one similar 

transducer mounting wherein the transducer rod 
threads into and through the collar 65 so that its tip 
bears against the wall of conduit 80 and is locked 
in place by lock nut 68. This configuration is 

so deemed useful for larger conduits, wherein a point 
contact at the conduit wall may efficiently excite 
flexural waves. For smaller conduits (e.g. under 
several inches diameter), the exciting transducer 
does not contact the pipe, but moves the rigid 

55 collar ring 65a, 65b as a whole to induce a whip- 
like flexural wave in the pipe. In this case, the 
intermediate sleeve is formed of thin material, or 
may be replaced by a separate light weight en- 
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velope, leaving the end collars as physically or at 
least acoustically separated elements. FIGURE 5B 
illustrates the system of FIGURE 5 with associated 
fill and drain lines, and signal processing circuitry. 
This system shows a two channel intervalo- 
meter/flow meter 110 with one channel, pro- 
grammed for fluid density calculations, attached to 
the flexural wave cell 60. The second channel of 
the meter is attached to a conventional clamp-on 
flow detection system. Used in this fashion, the 
system measures flow and density simultaneously, 
thus providing a measure of mass flow. 

Such a system may be used, for example, with 
advantage in large refining conduits, where high 
flows of hot oils present difficult measurement 
problems. In this case the closed sleeve about the 
conduit serves largely to prevent the test length of 
pipe from corrosion, soiling or inadvertent painting 
which would alter its energy propagation character- 
istics. However it may also serve to provide refer- 
ence fluid coatings to normalize the detected signal 
calculation for a given product. 

FIGURE 6 models the effect of flow on flexural 
wave propagation in a conduit 80, which results in 
increasing the propagation speed when a wave is 
travelling in the direction of flow. The propagation 
speed is reduced when the flexural wave travels 
opposite to the direction of flow. FIGURE 6A shows 
a flexural wave detection system of the present 
invention configured as a flow meter. Three clamp- 
on transducer collars as described above are at- 
tached to a pipe having uniform flexural character- 
istics: a central one being a transmitter, and the 
other two being an upstream receiver and a down- 
stream receiver, these latter two being equidistant 
at a distance of one foot from the transmitter. Using 
12.5 kHz tone bursts on one inch schedule 40 PVC 
pipe containing an inviscid fluid (water), the dif- 
ference in upstream and downstream transit times 
was found to be a well-defined and easily detected 
essentially linear function of flow velocity. FIGURE 
6B shows the detected signal transit time for both 
receivers under no-flow conditions (trace X) and 
the corresponding time shift between downstream 
(trace Y) and upstream (trace Z) receiving trans- 
ducers when flow was initiated. The system, by 
measuring in both directions either simultaneously 
or separately (sequentially), cancels out the effect 
of flow on Cfiex- This would be more important for 
low density (elastomeric or plastic) tubes and less 
important for steel pipes. 

In fact, applicant has observed that if the dif- 
ference in flexural wave transit time for a conduit 
empty and full is more than about 10% of the 
nominal flexural transit time, then the contribution 
from fluid flow will also be significant The PVC 
pipe described above had a At™ now of approxi- 
mately twenty percent, and the phase velocity var- 



ied by an additional ± several percent when the 
liquid was flowing, the polarity being dependent on 
the direction of flow, at ordinary flow rates of up to 
three meters/second. In general, for At no flow greater 

5 than about ten percent of the flexural wave velocity, 
the difference between upstream and downstream 
transit times is expected to provide a significant 
time interval that is a reliable measurement of flow 
velocity. These conditions obtain if the density of 

10 liquid in the conduit is comparable to the density of 
the conduit. Conversely, if the pipe density is sub- 
stantially greater than the density of liquid con- 
tained therein, then At« ow « 1% and flow velocity 
cannot be readily determined from the flexural 

is waves. This was found to be the case for one inch 
steel pipe, as well as for a number of other metal 
conduits of various sizes on which applicant mea- 
sured the correlation of flow rate with flexural wave 
transit time. 

20 Thus, according to one aspect of the present 

invention, a sensing system is specially adapted for 
sensing in low-density or light weight conduit and 
includes a transducer arrangement for taking 
bidirectional flexural wave transit time measure- 

25 ments, and a processor that cancels out the net 
flow effect to product a At indicative of the density 
of fluid in the conduit. It should be noted that the 
delay effects of flexural wave transmission may 
vary between conduits of similar size, and depend 

30 somewhat on the surface roughness of the conduit. 
For example, by intentionally roughening the sur- 
face of a conduit carrying water, a greater At is 
observed. Thus, in a given system, sensitivity can 
be controlled or enhanced by polishing or roughen- 

35 ing the conduit's inner surface. Microscopic surface 
texture (e.g. tire treads or "sawtooth" patterning) 
may also be used to increase At. The invention 
further contemplates high sensitivity flexural wave 
flow cells formed of stiff low density material. 

40 Furthermore, in any of the foregoing flexural 

wave sensing systems, temperature-dependent 
corrections may be made, and the temperature 
may be sensed, for example, by Rayleigh wave 
ultrasonic thermometry. In this case a reservoir 

45 cover used for the flexural sensing system may 
also protect the Rayleigh sensing path. 

In the pipe-sensing situation described just 
above (that is, pipe density not much greater than 
fluid density), the transit time At will be highly 

50 dependent on fluid density, so that after correction 
for flow velocity the At iluid provides a sensitive 
measurement of the density of the product. 

One preferred system of this sort has a flow 
sensor as shown in FIGURE 6C. Here two sen- 

55 sors/transducers Ti, T 2 are mounted in a wetted 
mount of a precision mass flowmeter spoolpiece 
mounted in a pipe of diameter D, at a spacing less 
than approximately Dk in the direction of flow, 
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where by way of example, the diameter D may be 
from about four to about twelve or sixteen inches. 
The transducers are acoustically isolated from each 
other, which may be accomplished by mounting in 
isolation rings of a silicone rubber that is highly 
absorbing, at the transducer frequency, and each 
transducer is of a clamped construction that op- 
erates well to both send and to receive signals in 
the fluid. Transducers Ti and T 2 are each operated 
alternately to send and receive signals along up- 
stream and downstream V-paths bounced off the 
opposite pipe wall. When the pipe wall has poor 
reflectivity, one or more reflector assemblies Ri , 
R2 may be used, as indicated in phantom, to 
provide reflected signals representative of the aver- 
age flow velocity across a portion of the flow path. 
Each reflector includes a stiff reflective plate P 
(e.g., a corrosion and buildup resistant teflon-coat- 
ed titanium plate) adjustably mounted on a set of 
support arms A. 

It should be noted that in the example illus- 
trated in FIGURE 6A, the PVC pipe material was of 
approximately the same density as that of the 
measured fluid, and the low 12.5 kHz excitation 
frequency was effective to preserve flexural wave 
energy without substantial loss by a wave leakage 
mechanism into the fluid system. The fluid is, how- 
ever, "flexed" along with the PVC pipe. Other ma- 
terials and structures will require different frequen- 
cies to maintain a guided flexural wave signal effi- 
ciency while detecting a significant flow rate to 
flexural propagation coupling effect. 

FIGURE 7 illustrates another embodiment 170 
of a flexural wave coupling and sensing system in 
accordance with the present invention. Split-collar 
or other flexural wave transducers 172 are shown 
attached to a one inch schedule 160 stainless steel 
pipe 175 with a wall thickness of approximately six 
millimeters. Pipe 175 is illustrated as the referen- 
celeg of a AP sensor associated with a pressure 
boundary 178. This particular application presents 
a number of challenges to a measurement system, 
inasmuch as the condition of interest - a sudden 
pressure drop that may initiate boiling and lead to 
overflow or vapor-induced control problems - may 
depend on many system states and parameters. 
However applicant has found the phase delay of 
flexural waves propagating in the conduit, when 
filled with an inviscid fluid, to be a substantially 
linear function of the density of the fluid contacting 
the pipe for small void fractions on the order of 
1%. The measurement system of FIGURE 7 uti- 
lizes this observation to detect, not AP per se, but 
the initiation of a phase transition, boiling, which is 
characterized by the sudden formation of micro- 
bubbles in the fluid column, resulting in a cor- 
responding drop in fluid density. 



In preliminary measurements, applicant has de- 
termined that for transducers spaced x inches apart 
in the water-filled 1-inch schedule 160 stainless 
steel pipe, a decrease in transit time of 140x 
5 nanoseconds per volume percent of gas bubbles 
included in the column occurs at atmospheric pres- 
sure. 

Thus, with a spacing of several feet between the 
transducers 172, changes in transit time of several 

10 microseconds occur when a pressure drop at the 
phase change point initiates bubble formation in 
amounts less than one or two percent of the fluid 
volume. This sensor system is expected to provide 
a reliable indication of the alarm condition, in which 

15 an actual state measurement replaces existing sys- 
tem-based or model-based condition sensing 
alarms. Furthermore, the electrical leadwires to an 
electromagnetic, piezoelectric or magnetostrictive 
rod transducer as described above, may be readily 

20 configured to pass through the pressure boundary 
178, so that all circuits may reside outside the 
boundary. 

As in the case of the sensor systems de- 
scribed above, a cover or selectively filled reservoir 

25 may be provided between the sensors to protect 
against scale growth or allow normalizing measure- 
ments to be made under conditions of varying fluid 
loading of one conduit wall. 

It will be understood that all embodiments of 

30 the invention heretofore described involve sensing 
a property of a fluid which contacts a remote side 
of a wall or sheet, where "remote" is here intended 
to mean that the fluid and the transducers, respec- 
tively, are located on opposite sides of the sheet 

35 from each other. The measurement is, in this 
sense, an entirely non-invasive one. It is possible, 
though generally not desirable, to have the trans- 
ducers located on the same side as the fluid. 
However, for the cover or reservoir, this element is 

40 mandatory to be placed on the sheet side opposite 
the fluid, to control flexural wave dependence on 
the non-fluid bearing surface. 

In one particularly interesting application, a 
system in accordance with the present invention 

45 may operate to detect fogging or misting of a 
sheet, such as a vehicle windshield, by launching 
and receiving Rayleigh or surface waves into the 
windshield. Formation of a continuous film of water 
on the outside of the windshield, or fogging on the 

50 inside would introduce a distinct, although relatively 
small, characteristic delay in transit time, and also 
an attenuation of the wave. This principle can also 
be applied to produce a dewpoint sensor in accor- 
dance with the present invention. 

55 While all of the above examples involve static 

or flowing liquids, the invention also has application 
to sensing a static accumulation of attached solids, 
particularly ice on a sheet such as a wing surface 
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or hull. Ice, while technically having both fluid 
Theological properties and solid characteristics 
such as hardness, presents a somewhat different 
flexural wave response owing to its ability to 
present different states, as a slush or liquid that 5 
adds mass or density without stiffening the skin, or 
as a solid that can add stiffness that affects wave 
propagation in an opposite sense. On runways, 
aircraft are subject to deicing fluids as well as to 
ice. w 

FIGURES 8, 8A illustrate an icing detector 200 
in accordance with the present invention configured 
for use on the wing 210 of an aircraft 201. FIGURE 
8 shows the aircraft in schematic cross-section, 
with wing 210 constructed generally of external 75 
sheet portions 212 and internal structural members 
211 such as struts and trusses, that collectively 
divide the small interior space into a number of 
compartments, passages and conduits that typi- 
cally house the fuel tanks, control lines and me- 20 
chanical, fuel, and power accessory systems. As is 
well known in the aircraft industry, the large surface 
areas of exposed metal sheet 212 may accumulate 
ice, particularly when the aircraft sits on a runway, 
and the extent of accumulation may alter the aero- 25 
dynamic lift characteristics of the wing, affect con- 
trol motions, and eventually add large amounts of 
weight to the craft. In accordance with the present 
invention, flexural wave cells M, N are mounted to 
the undersurface of the wing skin 212 to launch 30 
and detect flexural waves, which are processed as 
described below. 

As shown in greater detail in FIGURE 8A, the 
sensing cells M, N each contain transmitting and 
receiving transducers 215a, 215b and 216a 216b 35 
that define flexural wave sensing paths there- 
between, with a fillable fluid cell C, C covering the 
underside of the sheet between the launching and 
receiving transducers, and one or more valved 
ports P connected for filling and emptying the 40 
cells. An inlet port may connect to a high pressure 
fuel line, so that no additional components beyond 
a fuel line and control valve are required for opera- 
tion of the system, while an outlet port may drain 
directly through an opening in the wing. 45 

Preferably the transducers are set up to define 
signal paths extending over a major region of inter- 
est of the wing, with one or more cells defining 
flexural wave paths that are several feet or meters 
long. The presence of solid ice buildup introduces so 
a variation in wave transit time that changes with 
ice thickness. Like the long-path measurement of 
fill height in a storage tank, the delay is also a 
function of the relative proportion of the sensing 
path that is covered. Thus, the flexural wave delay 55 
between spaced-apart transducers represents an 
integrated function of total ice accumulation over 
the sensing path. By using pairs of actuating rods 



or transducer elements contacting the skin next to 
each other (as shown in FIGURE 4) the sensing 
path segments may be made highly directional, so 
that the extent of icing in precisely defined regions 
of the wing is determined. 

The foregoing system will be seen to offer a 
distinct advantage over a prior art ice sensor that 
can detect ice only at the fixed point where it is 
mounted, or that require mounting through holes in 
the wing surface. 

Use of the cells C, C differs here from the 
situation described for storage tank measurements, 
in that the presence of a fill fluid F in a cell C will, 
in general, introduce a different phase delay than 
will the presence of a solid crust of ice on the 
remote (outer) surface of the wing. However, the 
amount of the delay effect (as between filled and 
unfilled reservoir C) may be expected to decrease 
as the thickness of the ice builds up on the op- 
posite surface, so that the ratio of measured At f | U j d 
C eii to the At when no ice is present yields addi- 
tional information on ice thickness. For example, as 
noted above, the presence of a thin hard ice layer 
may stiffen the wing to such an extent that transit 
time actually decreases. In that case, At f i U jd would 
introduce an opposite sign transit time change, 
serving to quickly identify the presence of a thin 
hard ice layer. 

For aircraft wing application, or any embodi- 
ment of the invention that applies transducers to 
the underside of a horizontal sheet, the liquid reser- 
voir may be replaced by a solid loading that is 
urged against the sheet surface. For example, a 
block of silicone rubber may be temporarily urged 
against the underside of the sheet to acoustically 
load the flexural wave interrogation path and take a 
normalizing reading. 

As was indicated in the background description 
above, systems have previously been proposed in 
which flexural wave amplitude changes are com- 
pared to an independent compressional wave sig- 
nal to determine the extent of icing. The addition of 
such measurements to applicant's flexural wave 
phase sensor, is expected to provide further in- 
formation on ice accumulations, particularly for 
mixed or unconsolidated layers such as sleet or 
slush accumulations. However even with only the 
normalizing loading measurements of applicant's 
invention providing this added information, a simple 
microprocessor device can make a number of 
comparisons of the measured and normalized con- 
ditions, and determine the presence and type of 
ice, as well as the approximate thickness or in- 
tegrated mass over the region of the interrogation 
path. 

In several preliminary measurements of ice 
buildup on thin aluminum sheeting, applicant ob- 
served a substantially linear transit time change for 
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thickness up to several millimeters. The invention 
therefore yields very precise measurements of the 
initial rates of icing, allowing corrective action to be 
taken before ice loading reaches a critical level. 

This completes a description of a flexural or 
plate wave sensing system, and representative em- 
bodiments for detecting and indicating different 
characteristics and practical conditions of media or 
materials of interest in contact with the remote side 
of a shell or plate forming part of a vehicle, conduit, 
tank or vessel. From the foregoing description it 
will be apparent that measurements according to 
these systems may be combined with other sys- 
tems known in the art to extend the range of 
available information in diverse applications, and 
further variations and modifications will occur to 
those skilled in the art. Such variations and modi- 
fications are included within the scope of the inven- 
tion, which is set forth in its various aspects and 
intended to be defined by the claims appended 
hereto. 

Claims 

1. An acoustic measurement system for measur- 
ing a property of material contacting a sheet, 
the sheet having first and second sides, such 
system comprising 

means defining a sensing path extending 
across a region in the sheet 

transducer means mounted on the first 
side of the sheet for generating and sensing 
elastic wave energy signals propagated along 
the sensing path 

processing means for processing the sig- 
nals to determine variations in signal propaga- 
tion that depend on a characteristic of material 
contacting a side of the sheet, and preferably 
the second side of the sheet, and 

reference means for establishing a refer- 
ence condition of the region of the sheet, said 
processing means determining signal propaga- 
tion in relation to the reference condition to 
identify said characteristic, for example 
wherein said sheet is the wall of a tank or 
conduit, and the material is a liquid contained 
therein. 

2. An acoustic measurement system according to 
claim 1, wherein said means defining a sens- 
ing path and said reference means are in- 
cluded in a surface-mounted reservoir struc- 
ture enclosing said region of the first side of 
the sheet, and including means for temporarily 
filling said reservoir structure to establish said 
reference condition. 



3. An acoustic measurement system according to 
either one of claims 1 and 2 wherein the elas- 
tic wave energy is flexural (lower order asym- 
metric) wave energy, and, optionally wherein 
5 said transducer means is mounted to apply a 

compressional wave at normal incidence to the 
first side of said sheet to induce a flexural 
wave that travels in the sheet. 

io 4. An acoustic measurement system according to 
any preceding claim, wherein either: 

A) said sheet is a metal sheet, and wherein 
said elastic wave energy is generated at a 
frequency selected such that phase velocity 

75 of the wave energy in the sheet is less than 

phase velocity of acoustic energy in the 
material contacting the sheet; or 

B) wherein the sheet is a conduit wall, and 
the signals are acoustic signals having a 

20 wavelength which is large compared to con- 

duit diameter; or 

C) wherein the sheet is a wall of a storage 
tank and the sensing path extends across a 
fill line of the tank, for example substantially 

25 along a full fluid storage height of the tank; 

or 

D) wherein the sheet is a skin of a vessel, 
and said processing means determines a 
characteristic of ice built up on the second 

30 side of the sheet along the sensing path. 

5. An acoustic measurement system according to 
any preceding claim, wherein said wave en- 
ergy is flexural wave energy at a frequency 

35 below cutoff of the higher order modes of . said 

sheet. 

6. An acoustic sensing system for determining a 
characteristic of a medium contacting a solid 

40 wall such system comprising 

a transmitting transducer secured to one 
side of the wall for launching a flexural (lower 
order asymmetric) wave therein, wherein said 
one side is remote from a side contacting the 

45 medium 

a receiving transducer secured to said one 
side and spaced from said transmitting trans- 
ducer for detecting the flexural wave and de- 
veloping a signal indicative thereof 

so an interval processor for determining a 

flexural wave transmit time measurement, and 

means responsive to said transmit time 
measurement for determining the characteristic 
of the medium, (which characteristic may be, 

55 for example, one of fill height, density, thick- 

ness, integrated mass or a phase transition) 
and, optionally, further comprising means for 
placing a reference material in contact with 
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said one side for determining a reference tran- 
sit time measurement, in which case, further 
optionally, wherein said means for placing a 
reference material includes a reservoir for plac- 
ing a fluid reference material in contact with 5 
said one side (which reference material may, 
optionally, include a solid block of material 
placed in contact with said one side). 

7. An acoustic measurement system according to w 
any preceding claim, wherein said transducer 
produces audible sounds when actuated, and 
makes a pattern of said audible sounds that 
varies with a sensed condition, for example an 
alarm condition, to provide an audible indica- 75 
tion thereof. 



8. An acoustic measurement system according to 
any preceding claim, wherein said characteris- 
tic is density, and further comprising flow mea- 20 
suring means for measuring flow rate of the 
material contacting the sheet or wall. 

9. An acoustic measurement system for measur- 
ing a property of material contacting a sheet, 25 
the sheet having first and second sides, such 
system comprising 

means defining a sensing path extending 
across a region in the sheet 

a pair of transucers mounted on the first 30 
side of the sheet for generating and sensing 
elastic wave energy signals propagated along 
the sensing path 

processing means for processing the sig- 
nals to determine a characteristic of material 35 
contacting the second side of the sheet, and 

means for covering the first side of the 
sheet over the region of the sensing path 
wherein signals propagated along said path are 
processed to develop a reference that varies 40 
with contact of material on the second side. 



10. A method of detecting a property of a material 
contacting a second side of a sheet having first 
and second sides, the method comprising the 45 
steps of attaching first and second transducers 
to the first side of the sheet, the first and 
second transducers being spaced along a sig- 
nal path in a region of the sheet where the 
property is to be detected, establishing a refer- so 
ence condition on the first side of the sheet by 
contacting the sheet with a reference material 
in said region, and comparing signal propaga- 
tion between transducers to propagation when 
the reference condition is established to detect 55 
the property of the material on said second 
side. 
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© A sensing system (10) detects elastic waves 
propagated along a sensing path in a sheet to detect 
a characteristic of material contacting the other side 
of the sheet. An acoustic load applied between tran- 
sducers (12,14) discriminates characteristics in di- 
verse environments. Different systems detect den- 
sity, stiffness, presence, degree of coupling, thick- 
ness, or fill height of the material, with applications 
to areas as diverse as aircraft wing ice measure- 
ment, storage tank (2) fill height detection, and mass 
flow detection. In one preferred embodiment a pro- 
tective housing (16) covers and protects the first 
side of the sheet over a region of the sheet encom- 
passing the sensing path, and may secure trans- 
ducers (12,14) in defined positions. The housing (16) 
preferably defines a closed reservoir (R) that is tem- 
porarily filled to determine a normative measurement 
such as transit time or change in phase velocity. The 
normative measurement provides an empirical cali- 
bration that, in turn, allows a final parameter or a 
detection threshold to be precisely determined. 
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